The effect of hypothermia on the action of d-tubocurarine (d-TC) was studied under carefully controlled experimental conditions. It was found that with computer controlled infusion, 60% less d-TC was required to sustain 75% muscle paralysis in cats, during steady-state, in vivo, when the temperature was changed from 37 C C to 30°C. The corresponding relaxant consumption rates were 0.136 ± 0.025 and 0.055 ± 0.012 mg/kg/t hr respectively.
INTRODUCTION
Intentional or unintentional hypothermia is frequently seen in patients during operations. 1 t is therefore desirable to have a knowledge of the muscle relaxant requirement with changes in temperature. This would provide a particularly valuable starting parameter when the technique of computer controlled muscle relaxation is used clinically (Cass et al. 1976 ).
Conflicting results have been reported in the past years regarding the effect of temperature on the action of muscle relaxants. D-tubocurarine (d-TC) was shown earlier in animals to be a less active drug at low temperatures (Holmes et al. 1951 , Bigland et al. 1958 ) and the same finding was later confirmed with data from ,humans (Cannard et al. 1959) . More recently the opposite conclusion that hypothermia enhanced the action of d-TC was reached by Foldes et al. (1974) and Miller et al. (1975) .
The contradictory results were obtained from experiments that differed in Ca) the experimental method, either in vitro or in vivo; (b) the strategy in temperature changes; and (c) the method of drug administration, either in bolus forms or by continuous infusion. We attempted to resolve this dilemma by studying the relaxant requirement to maintain constant depression of electromyographic activity (EMG). Various physiological variables were kept constant either by a control computer or manually to provide consistent and well maintained experimental conditions.
MATERIALS AND METHOD

Anaesthetics and Monitoring
Anaesthesia was induced in sixteen adult cats (3-4 kg) with N!!O/O!!/halothane and was maintained during preparation and experiments with intravenous pentobarbitone sodium. Arterial blood pressure was measured and recorded, The animal was ventilated via a tracheal tube. The inlet gas was a mixture of 5% carbogen and air adjusted such that the end expired carbon dioxide level, measured by a "Capnograph", remained at 4%.
Muscle preparation
The right soleus muscle was dissected free from the surrounding muscle and fascia and was Anaeslhe.l"ia and lnlens;"e Care, Vol. V 11, No. 3, Augusl, 1979 immersed in paraffin oil contained in a pool formed by the skin of the opened leg. The animal was mounted in a rigid frame and the distal soleus tendon was attached to a Statham force transducer.
Nerve Stimulation and EMG
The sCIatic nerve was stimulated supramaximally with 0.1 msec pulses at a rate of one every ten seconds. Electromyograms were obtained by inserting three 20 gauge coaxial needles into the muscle. The method of EMG processing was that of multiple EMG analysis (Lam et al. 1979 ) which gave the averaged-integrated -rectified-gated-EM G.
Temperature Control
Both the oesophageal and muscle temperature were measured with thermistor probes and recorded. Regulation of the body temperature was achieved by wrapping a water blanket around the animal with the circulating fluid supplied from an electronically controlled heating/cooling unit. The process was aided by a radiant lamp. The leg temperature was maintained at the desired level by pumping the paraffin oil surrounding the soleus muscle through a feedback controlled heater.
Computer Controlled Relaxation
Continuous muscle paralysis was obtained by introducing muscle relaxant (d-TC) intravenously by an automatic syringe driver under the control of a small computer (Cass et al. 1976 ). The process computer program was of the proportional-integral type; it took in the averaged EMG, compared it with the set point value and turned on the syringe driver for an appropriate length of time accordingly.
Experimental Procedure
The experiments were commenced usually four hours after the induction of anaesthesia so that the action of halothane on the muscle relaxant activity would be negligible. The required temperature was established for at least 15 minutes before the averaged EMG was set to 100% on a Brush chart recorder. The set point value was adjusted to 25% and the syringe driver was turned on. The d-TC concentration was 0.1 mg/ml and the maximum rate of infusion was 24 ml/hr.
Experiments with Temperatllre Transition
Three cats were used in this set of experiments in which at a particular temperature (30°C or 3rC) the EMG was taken down to 25 %, allowed to stabilize, and was then held by the computer at this level for an hour. The animal temperature was then changed from high (37°C) to low (30°C) or vice versa, depending on the initial temperature, while the EMG level was kept constant. After the restabilization at the second temperature, another run of an hour was taken (' Fig. 1 ). The maintenance doses of d-TC during the one-hour computer control periods were recorded.
An experimental sequence of cool-warmrecool or vice versa was applied to another three animals. Three one-hour relaxant consumption readings were taken in each case. The first and last readings in each experiment 0.2
78· H8
were averaged to provide a figure for comparison with the immediate one.
Fixed Temperature Experiments
Ten animals were used in this series in which five experiments were performed at the controlled temperature of 37°C and five others at 30°C. The order of experiments was random.
When the EMG was depressed to a steady level of 25 % the experimental set-up was left self-running for 4 to 5 hours with the drug consumption reading taken once every half hour.
RESULTS
Changing temperatllre
The results of the first three experiments with a single transition of temperature arc shown in Figure l . Although there is a suggestion that less d-TC was required at the low temperature, no conclusion can be drawn from these data. There might have been a long acting cumulative effect such that the amount of relaxant needed in the second hour was substantially lower than that in the first hour. The time between the hourly runs (averaging 65.5 min) seems to be a contributing factor by influencing the amount of drug eliminated. When the temperature within an experiment was changed twice, similar results were obtained (Fig. 2) with a reduced requirement of d-TC at the lower temperature. There appeared to be a saturating effect as time progressed, with the effect being more marked at the higher temperature. We have not been able to separate the two co-existing phenomena, the temperature and time effects, due to the difficulty in controlling precisely the time for cooling or recooling, warming or rewarming and the period of stabilization.
Fixed temperature
The amount of d-TC consumption in two fixed temperature experiments is shown in Figure 3 . Different phases of drug action can be recognized from these plots. The uptake and initial distribution of the drug are hidden in the blank portion before readings were taken. The large doses in the first hour corresponds to acceptor sites saturation (Cohen 1970) ,
o whereas the relatively flat portion in subsequent hours represents the maintenance phase with the excretion and metabolism of the drug being at equilibrium.
Similar plots were obtained from other experiments. It was observed that there were generally more fluctuations in the drug consumption at the lower temperature and a fine control of the EMG level was harder to obtain. This could be explained by the impaired circulation at the low temperature giving rise to the larger time lag in the control system and hence the more oscillatory response.
Constant d-TC Consumption
The averages and their standard deviations of the half hourly consumption during the equilibrium phase of the ten experiments are presented in Figure 4 . The numbers next to the data points, with the exception of Experiment 78.Hl1, denote the numbers of half hour readings used in the calculation of the means. In Experiment 78.Hll, three one 
Statistics
A test of equality of variances of the two sets of data from 37°C and 30°C was performed and it was found that they were not significantly different (p > 0.1). The two sample means were subsequently found to have come from different populations. The Hest figure was computed to be 6.63 which was greater than the critical t-value of 2.31 for 0.05 probability. The 95 % confidence limits to the difference between the series means were 0.080 and 0.081.
DISCUSSION
The complexity of the action of temperature on the kinetics of muscle relaxants is illustrated in Figure 5 which shows diagramatically the mechanism of nerve conduction, signal transmission, muscular contraction and muscle relaxation. Any of the processes can be affected by a temperature change. It has been shown that cold decreases the acetylcholine (ACh) synthesis and slows the ACh release and diffusion (Katz et al. 1965 , Ward et al. 1972 . It retards enzymatic reactions and hence inhibits the action of cholinesterase. The postjunctional membrane excitability is increased while the speed of nerve conduction is slowed. The muscle contraction is diminished with the time of contraction prolonged. The circulation is hindered and the kidney excretion and metabolism of the relaxant drugs are reduced. On the molecular level, it can be expected from thermodynamic grounds that the forward and backward rate constants (Mackay 1977) of the ACh-receptor and relaxantreceptor bonds are all decreased at low temperature due to lessened thermal agitation.
It is clear that these effects all interact in a complicated manner and pending their individual elucidation on a quantitative basis, it will be difficult to predict the effect of temperature on the muscle relaxant system in vivo. We can only deduce from our results that in an intact animal under equilibrium conditions, where all the processes and circulating loops are oresent, and where the relaxant infusion and the muscular tension or EMG are considered as inout and output respectively of the whole system, hypothermia augments the action of d-TC, i.e. much less relaxant (60%) is required to sustain a fixed level of neuromuscular block. This is in good agreement with ~he findings of Miller et al. (1975) who renorted a reduction of 40% in the mean d-TC infusion rate over the same temperature range.
The above mentioned comolexity would exolain the discrepancies in the findings of nrevious workers (See Introduction). For in<;tanc~, in the in vitro situation the lower loop (l) of systemic circul~tion and relaxant elimination is absent. In our study, the stimulation rate was kept Iow and constant so that no further changes such as fatigue were introduced in the uoper loop (TT) of ACh svn~hesis and release. The oesoohageal and muscle temperatures were independently rnntroIled to orovide an isothermal situation. The end expired CO 2 was maintained at a constant level at all temperatures such that the plasma pH would remain relatively unchanged. It was speculated earlier in the experiments with the temperature changes that there might exist a long lasting cumulative effect of relaxant. This was proved to be not so by subsequent experiments (Fig. 3) in which the level of maintenance doses of relaxants remained largely constant for at least 3 to 4 hours. It has been shown by Miller et-al. (1976) that major saturation of tissue depots occurs in the first 10 and 30 minutes of infusion. This time had been allowed for (Figs. 1 and 2) before readings of drug consumption were commenced. We therefore postulate that when the temperature is held constant, the gross drug-muscle reSDonse reaction equilibrium is not disturbed. When there is a temperature transition, which is itself a dynamic change, the equilibrium is upset and the maintenance dose of relaxant will have to be altered. Any sudden change in temperature would change the drug receptor characteristics, the diffusion of the drug out of the synaptic junction, and the excretion mechanism in such a manner that Anaesthesia and Intensive Care, Vol. V11. No. 3, August. 1979 an apparent drug cumulative effect is produced.
